Ionizing radiation deposits energy in discrete packages which are the result of interactions with the atoms of the medium through which it passes. These packages are distributed non-uniformly throughout the irradiated volume. Not only the average energy deposited per unit mass (i.e., the absorbed dose), but the number of energy deposits, their magnitude and their spatial distribution may be expected to influence the effect of the radiation on biological and other structures. Radiations which differ in the number, size and distribution of energy deposits might, therefore, be expected to cause different effects for the same absorbed dose. This is observed in the case of biological effects and is usually quantitated in the term relative hiological effectiveness (RBE) for a given radiation.
Our understanding of these differences between radiations begins with an appropriate description of the manner in which the energy is initially deposited. This description requires detailed information on the structure of the tracks generated in an irradiated medium. A full physical description of all the interactions which occur in an irradiated medium is extremely complex and at the present time virtually unmanageable for the purpose of interpreting radiation effects. At the same time, a full description of the biological structures in an irradiated organism is similarly impractical.
In view of this, if we wish to improve our understanding of radiation effects, concepts must be developed which relate some of the principal features of the absorption of ionizing radiation in matter to the size and perhaps the nature of the structures being affected. This is the objective of microdosimetry.
The term microdosimetry originated when Rossi and coworkers (1955a Rossi and coworkers ( , 1959 Rossi and coworkers ( , 1960 Rossi and coworkers ( , 1968b Rossi and coworkers ( , 1972 ) developed a conceptual framework and the corresponding experimental methods for the systematic analysis oftlie microscopic distribution of energy deposition in irradiated matter. Stochastic quantities, such as the specific energy, Z, and the lineal energy, y, were defined and measured. These quantities describe the energy-depo-1 sition events in microscopic structures, such as small spherical volumes. Such quantities and their probability distributions are central concepts in microdosimetry and descriptions of a wide variety of radiation circumstances in terms of them have been developed over the past two decades. At the same time, other important microdosimetric concepts and quantities have been developed to permit a composite description of the spatial distribution of energy deposition. In this report, the term particle track applies to the inchoate distribution of transfer points resulting from the passage of a single primary charged particle, i.e., the aggregate of electrons, ions, and excited atoms and molecules, etc. immediately after the ending of all secondary electron interactions, and to the related aggregate of energy deposits which is the energy expended at an individual transfer point. The search for approximate descriptions of particle tracks led to the concepts of particle range, linear energy transfer, radial track distribution, point kernel, and proximity functions.
It will be the aim of this report to describe the fundamental principles of microdosimetry, the quantities involved, their measurement and calculation, and their application to our understanding of radiation effects, especially in biological structures and organisms.
Historical Review
The spatial distribution of energy-deposition events has been an essential aspect of most attempts at a quantitative analysis of cellular radiation effects. Target theory in its early form (Dessauer, 1922; Crowther, 1924) dealt with discrete acts of energy transfer, termed hits, that were identified with individual ionizations or clusters of ions. The spatial correlation of these events was not considered, and target theory in this earliest form could not, therefore, explain the relative biological effectiveness of different types of ionizing radiation. Jordan (1938) was led to the concepts of "concentration effect" and "saturation effect" to explain the dependence of radiobiological yield on "linear ionization density" in particle tracks. The concept of "mean linear ion density" was used independently by Gray (1947) . A similar simplified characterization of radiation quality was introduced by Lea (1946) who used the term "energy dissipation" which was later called "linear energy transfer", LET, by Zirkle et al. (1952) . The fundamental work of Lea (1946 Lea ( , 1955 was followed by the work of Howard-Flanders (1958 ), Neary (1965 ,1970 and many others who sought to utilize the ideas of target theory and the LET concept to explain cellular radiation effects. It became clear that in many situations classes of radiation response which varied systematically with LET could be recognized. Nevertheless, there are also limitations to the LET concept in explaining relative biological effectiveness. Microdosimetry sought to remove these limitations by defining stochastic quantities which could be related to the size of the affected struc-tUJelS .at the microscopic leyel.
The ICRU has long been concerned with descriptions of radiation quality that are meaningful for the study and explanation of radiation effects and has provided appropriate definitions in its various reports on quantities and units. In addition, in 1970, the ICRU produced Report 16, Linear Energy Transfer (ICRU, 1970a), which not only provided material on LET distributions and mean values for a wide range of radiations, but also included sections on the limitations of the LET concept and stated briefly the advantages of microdosimetry.
ICRU first defined some microdosimetric quantities and distributions in its Report 19 (ICRU 1971) . This report was subsequently replaced by Report 33 (ICRU, 1980) which also included definitions of microdosimetric quantities and distributions. The definitions of ICRU Report 33 are utilized for this report. In addition, the present report defines some stochastic quantities and distributions which reflect recent developments in the field of microdosimetry.
Microdosimetric concepts were also employed in ICRU Reports 26 (1977 ),30 (1979a ) and 35 (1984a . The present report gives an overall view of microdosimetry, but does not deal with all the specific aspects of microdosimetry described elsewhere.
Scope of the Report
This report deals with experimental and theoretical methods for determining microdosimetric quantities and distributions, and with the application of these distributions in radiation biology, radiation chemistry, radiation protection, radiation therapy, and dosimetry.
Basic concepts of microdosimetry, and definitions of microdosimetric quantities and units are given in Section 2. Numerical relations between microdosimetric quantities are listed in Appendix A.
Section 3 deals with the primary interactions of radiation with matter. It is the aim of this chapter to de-scribe the sequence of radiation interactions which, 'eventually, result in secondary ions and electrons of low energy.
Section 4 on particle-track structure describes the tracks of ions and electrons from the point of view of cross section, energy transfer, delta-particle tracks, energy deposits, and energy deposition in small volumes. It also deals with the fundamental difference between LET and lineal energy and with the inherent limitations of the LET concept.
Descriptions of experimental and theoretical methods are given in Sections 5 and 6. Section 5 deals with the methods of measuring single-event spectra using proportional counters and with the variance method for determining Yo. This section deals with the principles of the methods, the instrumental characteristics, systematic errors, uncertainties and technical limitations. In Section 6, analytical and Monte-Carlo calculations of single-event spectra are described, and the advantages and disadvantages of calculations compared to experimental methods are discussed. Finally, the Section describes the principles of calculation of energydeposition distributions as a function of absorbed dose and for inhomogeneously distributed radioactive nuclides.
Experimental and theoretical results are shown and discussed in Section 7 and in Appendix E. In Section 7, the basic characteristics of single-event spectra are described for the different types of radiation. The range of the secondary charged particles is a major factor in these distributions. In Appendix E reported values of Yo are listed.
The application of microdosimetric principles and methods is described in Section 8. Section 8.2 considers how radiation quality can be related to microdosimetric parameters. Section 8.3 discusses the relationship of microdosimetry to certain aspects of radiation chemistry. Section 8.4 deals with the role of microdosimetry in the radiation biology of external radiation and of incorporated radioactive nuclides. This section reports on applications and potential uses of microdosimetric principles. Models of radiation mechanisms are described from the point of view of microdosimetric quantities and parameters; it is, however, outside the scope of this report to judge the validity of the different models and the derived biological conclusions. The possible employment of microdosimetric concepts and methods in radiation protection is discussed in Section 8.5. The quality factor, Q, is discussed in relation to the distribution of absorbed dose in LET and to YD. Section 8.6 on radiation therapy is concerned with the variation of radiation quality and RBE within irradiated phantoms and patients exposed to different radiation modalities. Section 8.7 deals with the applications in dosimetry and discusses the statistical uncertainty of cavity-chamber measurements of absorbed dose as a function of cavity size, absorbed dose and radiation quality.
In this report, the single-event spectra are, in general, shown as a function of the lineal energy, y. Numerical relations between the stochastic quantities y and z and their averages are given in Appendix A. Detailed recommendations for the calculation and graphical presentation of f(y) and d(y) and guidelines for the pre- In principle, all ionizing radiations of all energies are the subject of this report. However, for practical reasons, the report mainly deals with photons and electrons between 10 ke V and 10 Me V and with neutrons between 100 keY and 20 MeV. Other energies and radiations are discussed where data are available.
